Bridging the brain structure – brain function gap in prosodic speech processing in older adults by Giroud, Nathalie et al.
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2019
Bridging the brain structure – brain function gap in prosodic speech
processing in older adults
Giroud, Nathalie; Keller, Matthias; Hirsiger, Sarah; Dellwo, Volker; Meyer, Martin
Abstract: Age-related decline in speech perception may result in difficulties partaking in spoken con-
versation and potentially lead to social isolation and cognitive decline in older adults. It is therefore
important to better understand how age-related differences in neurostructural factors such as cortical
thickness (CT) and surface area (CSA) are related to neurophysiological sensitivity to speech cues in
younger and older adults. Age-related differences in CT and CSA of bilateral auditory-related areas
were extracted using FreeSurfer in younger and older adults with normal peripheral hearing. Behavioral
and neurophysiological sensitivity to prosodic speech cues (word stress and fundamental frequency of
oscillation) were evaluated using discrimination tasks and a passive oddball paradigm, while EEG was
recorded, to quantify mismatch negativity (MMN) responses.
DOI: https://doi.org/10.1016/j.neurobiolaging.2019.04.017
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-171068
Journal Article
Accepted Version
 
 
The following work is licensed under a Creative Commons: Attribution-NonCommercial-NoDerivatives
4.0 International (CC BY-NC-ND 4.0) License.
Originally published at:
Giroud, Nathalie; Keller, Matthias; Hirsiger, Sarah; Dellwo, Volker; Meyer, Martin (2019). Bridging the
brain structure – brain function gap in prosodic speech processing in older adults. Neurobiology of Aging,
80:116-126.
DOI: https://doi.org/10.1016/j.neurobiolaging.2019.04.017
Accepted Manuscript
Bridging the brain structure – brain function gap in prosodic speech processing in
older adults
Nathalie Giroud, Matthias Keller, Sarah Hirsiger, Volker Dellwo, Martin Meyer
PII: S0197-4580(19)30135-6
DOI: https://doi.org/10.1016/j.neurobiolaging.2019.04.017
Reference: NBA 10568
To appear in: Neurobiology of Aging
Received Date: 1 November 2018
Revised Date: 24 April 2019
Accepted Date: 26 April 2019
Please cite this article as: Giroud, N., Keller, M., Hirsiger, S., Dellwo, V., Meyer, M., Bridging the brain
structure – brain function gap in prosodic speech processing in older adults, Neurobiology of Aging
(2019), doi: https://doi.org/10.1016/j.neurobiolaging.2019.04.017.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Bridging the brain structure – brain function gap in prosodic speech 
processing in older adults 
 
 
Nathalie Giroud a,b,c*, Matthias Keller a, Sarah Hirsiger d, Volker Dellwo e, Martin Meyer a,f 
 
a Division of Neuropsychology, Psychological Institute, Department of Psychology, Binzmuehlestrasse 
14/25, 8050 Zürich, Switzerland 
b Cognition, Aging, and Psychophysiology Laboratory, Department of Psychology, Concordia 
University, 7141 Sherbrooke Street West, H4B 1R6 Montreal, Québec, Canada 
c Centre for Research on Brain, Language, and Music (CRBLM), McGill University, Montréal, 
Québec, Canada 
d
 Department of Psychiatry, Psychotherapy and Psychosomatics, Psychiatric Hospital of the University 
of Zurich, Lenggstrasse 31, CH-8032 Zurich, Switzerland 
e
 Phonetics Laboratory, University of Zurich, Andreasstrasse 15, CH-8050 Zurich, Switzerland 
f Tinnitus-Centre, Charité University Medicine Berlin, Berlin, Germany 
 
 
 
Contact information authors: 
Nathalie Giroud: nathalie.giroud@uzh.ch 
Matthias Keller: matthias.keller@uzh.ch  
Sarah Hirsiger: sarah.hirsiger@bli.uzh.ch 
Volker Dellwo: volker.dellwo@uzh.ch  
Martin Meyer: martin.meyer@uzh.ch 
 
*Corresponding author 
Dr. Nathalie Giroud, Concordia University, Cognition, Aging, and Psychophysiology Laboratory, 
7141 Sherbrooke Street West, H4B 1R6 Montreal, Quebec, Canada, Phone: +1 514 972 05 79, Email: 
nathalie.giroud@uzh.ch  
 
 
Date: November 1st 2018, revised: March, 31st 2019 and April 22nd 2019 
Total word count: 11’614 
 
 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
2 
 
Abstract 1 
Age-related decline in speech perception may result in difficulties partaking in spoken conversation 2 
and potentially lead to social isolation and cognitive decline in older adults. It is therefore important to 3 
better understand how age-related differences in neurostructural factors such as cortical thickness (CT) 4 
and surface area (CSA) are related to neurophysiological sensitivity to speech cues in younger and 5 
older adults. 6 
Age-related differences in CT and CSA of bilateral auditory-related areas were extracted using 7 
FreeSurfer in younger and older adults with normal peripheral hearing. Behavioral and 8 
neurophysiological sensitivity to prosodic speech cues (word stress and fundamental frequency of 9 
oscillation) were evaluated using discrimination tasks and a passive oddball paradigm, while EEG was 10 
recorded, to quantify mismatch negativity (MMN) responses.  11 
Results revealed (a) higher neural sensitivity to word stress in older adults compared to younger 12 
adults, suggesting a higher importance of prosodic speech cues in the speech processing of older adults 13 
and (b) lower CT in auditory-related regions in older compared to younger individuals, suggesting 14 
neuronal loss associated with aging. Within the older age group, less neuronal loss (i.e. higher CT) in a 15 
right auditory-related area (i.e. the supratemporal sulcus) was related to better performance in 16 
fundamental frequency discrimination, while higher CSA in left auditory-related areas was associated 17 
with higher neural sensitivity towards prosodic speech cues as evident in the MMN patterns. Overall, 18 
our results offer evidence for neurostructural changes in aging that are associated with differences in 19 
the extent to which left and right auditory-related areas are involved in speech processing in older 20 
adults. We argue that exploring age-related differences in brain structure and function associated with 21 
decline in speech perception in older adults may help develop much needed rehabilitation strategies 22 
for older adults with central age-related hearing loss. 23 
 24 
Words: 288 25 
 26 
Key Words: prosody perception, aging, central hearing loss, auditory atrophy, cortical thickness, 27 
cortical surface area, mismatch negativity, AST hypothesis, lateralization, dedifferentiation 28 
 29 
 30 
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 32 
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1. Introduction 1 
A majority of older adults who have age-related hearing loss show deficient speech perception, in 2 
particular poorer performance in speech perception in noise (Helfer and Wilber, 1990; Zekveld et al., 3 
2011), in speech perception in babble noise (Dubno et al., 1984), in fricative discrimination (Giroud et 4 
al., 2017) as well as in perception of time compressed speech (Gordon-Salant and Fitzgibbons, 2001) 5 
as compared to individuals with normal-for-age hearing. Because of the difficulty to understand 6 
speech, age-related hearing loss may therefore reduce the frequency that older adults partake in spoken 7 
conversations as well as the quality thereof (Heinrich et al., 2015; Vannson et al., 2015). Indeed, 8 
difficulties in engaging in spoken communication have been shown to cause social isolation, higher 9 
rates of depressive symptoms as well as lower quality of life and increased risk of dementia (Arlinger, 10 
2003; Heinrich et al., 2015; Lin et al., 2011; Vannson et al., 2015). Hence, age-related hearing loss is 11 
considered one of the top three leading causes of disability in older adults (Mathers et al., 2008) and 12 
affects approximately 30% of older adults at the age of 65 years and older (Homans et al., 2017) and 13 
approximately 50% of older adults above the age of 80 years (Roth et al., 2011). 14 
 15 
Meanwhile, it has been reported that older adults without clinically disabling hearing loss also show 16 
lower speech perception performance in various tasks as compared to younger adults, for example in 17 
speech in noise tasks (Giroud et al., 2018a; Goossens et al., 2017; Helfer and Wilber, 1990), in speech 18 
in babble noise tasks (Dubno et al., 1984), in time compressed speech perception tasks (Gordon-Salant 19 
and Fitzgibbons, 1993), in gap detection tasks (Harris et al., 2010), in temporal order discrimination 20 
tasks (Fogerty et al., 2010, 2012), in temporal fine structure processing (Lorenzi et al., 2006), as well 21 
as in fricative discrimination tasks (Giroud et al., 2018b). Thus, deficient speech perception may not 22 
only be caused by age-related hearing loss due to a decline in inner ear functions (i.e., peripheral 23 
age-related hearing loss) and is usually measured by audibility thresholds in the audiogram (Pickles, 24 
2012). It is rather accompanied, complemented or even reinforced by central age-related hearing loss 25 
(Humes et al., 2012). Central age-related hearing loss occurs as a function of age-related atrophy in 26 
auditory brain circuits (Giroud et al., 2018a; Profant et al., 2014) occasionally following auditory 27 
deafferentiation after damage to the cochlear periphery (Lin et al., 2014; Peelle and Wingfield, 2016) 28 
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or cognitive decline (Humes et al., 2012; Rosemann and Thiel, 2018) and may lead to speech 1 
perception difficulties in older individuals independently of elevated audibility thresholds in the 2 
audiogram (Giroud et al., 2018a). In other words, a considerable number of older individuals who are 3 
classified as "normal hearing" suffer in fact from an impairment of the central auditory system that 4 
severely affects speech perception. 5 
 6 
Even though most of the research which compares older adults with age-appropriate peripheral 7 
hearing to younger adults suggests that older adults perform worse in speech perception, it has also 8 
been shown that older adults may benefit from prosodic speech cues, here defined as slowly changing 9 
suprasegmental modulations of spectral speech information (Meyer et al., 2018), to a similar extent or 10 
even more as younger adults (Wingfield et al., 1992, 2000). For example, sentence recall has been 11 
shown to be better when prosodic cues are presented in line with the syntactic structure as compared to 12 
when syntax and prosody are placed in conflict, and this effect has been demonstrated to be larger in 13 
peripherally normal hearing older compared to younger adults (Wingfield et al., 1992). Furthermore, 14 
recognition of words devoid of segmental information has been shown to be facilitated to the same 15 
degree in younger and older adults when prosodic cues indicated the number of syllables and syllabic 16 
stress (Wingfield et al., 2000). Electrophysiological data have further revealed that older adults 17 
integrate sentence-level prosodic information in real-time during the resolving of early and late closure 18 
ambiguities (Steinhauer et al., 2010). In sum, converging evidence so far suggests that even though 19 
peripherally normal hearing older adults show considerable age-related decline in various speech 20 
perception tasks probably caused by central deficits, they more strongly make use of prosodic 21 
information available in spoken language and use word stress to facilitate speech perception to the 22 
same extent as younger adults.  23 
 24 
Prosodic speech processing has repeatedly been associated with the integrity of right auditory-related 25 
areas in younger adults (Geiser et al., 2008; Hurschler et al., 2013; Liem et al., 2014; Meyer et al., 26 
2002, 2004; Meyer, 2008). Moreover, studies investigating neural correlates of suprasegmental speech 27 
processing have often been embedded within the ‘asymmetric sampling in time’ (AST) framework 28 
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(Poeppel, 2003; Shalom and Poeppel, 2008). As predicted by the AST hypothesis, these studies found 1 
that slowly changing acoustic speech information unfolding in a longer timescale of about ~250 ms, 2 
such as prosody (Meyer, 2008; Rufener et al., 2016; Zatorre and Gandour, 2008), is preferentially 3 
processed by the right non-primary auditory-related areas, while rapidly changing information in the 4 
temporal fine-structure present in a shorter timescale of about ~25 ms, such as the more steady-state 5 
spectral characteristics of segments, is preferentially processed by the left non-primary auditory-6 
related areas (Abrams et al., 2008; Doelling et al., 2014; Giraud and Poeppel, 2012; Gross et al., 2013; 7 
Hurschler et al., 2013; Liem et al., 2014; Luo and Poeppel, 2007, 2012; Peelle and Davis, 2012; Pena 8 
et al., 2012; Rufener et al., 2016). It has been proposed that this functional lateralization relates to a 9 
lateralization of intrinsic oscillatory processes sampling the incoming acoustic signal at different rates 10 
(Giraud and Poeppel, 2012). Rapid γ oscillations (~40 Hz) in the left auditory-related areas have been 11 
shown to entrain to the temporal fine structure of a speech signal, while slower θ oscillations (~ 3-7 12 
Hz) have been shown to entrain to slowly changing suprasegmental cues in right auditory-related areas 13 
(Giraud and Poeppel, 2012). This functional lateralization of  θ and γ oscillations in auditory-related 14 
areas has also been related to the higher density of large pyramidal cells (Hutsler and Galuske, 2003) 15 
and more myelination (Penhune et al., 1996) in the left auditory-related areas compared to the right 16 
auditory-related areas, which allows them to produce more γ bursts. In summary, the AST framework 17 
indicates that the processing of temporal fine structure is preferentially processed in the left auditory-18 
related areas, while slowly changing speech cues are preferentially driven-by the right auditory-related 19 
areas in young adults.  20 
 21 
Nevertheless, only a few studies have investigated lateralization involved in speech processing in 22 
aging populations. Yet, in one of our previous studies we observed that older adults who showed less 23 
age-related atrophy (i.e. higher cortical thickness) in the right Heschl’s sulcus (HS) performed better in 24 
a speech perception in noise task, while there was no correlation with left auditory-related areas 25 
(Giroud et al., 2018a). Furthermore, older individuals who had less age-related atrophy (i.e. higher 26 
cortical thickness, CT) in the right supratemporal sulcus (STS) showed stronger rightward 27 
lateralization of θ oscillations during resting state, while there was no correlation between θ 28 
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lateralization and CT in left auditory-related areas (Giroud et al., 2018a). Thus, those results could be 1 
indicative of a stronger involvement of the right auditory areas in speech processing in older adults. 2 
This hypothesis is in line with a previous study which demonstrated that older individuals recruited 3 
right auditory-related areas in addition to left auditory-related areas during syllable discrimination, as 4 
was evident in their scalp EEG, whereas the younger group only recruited left auditory-related areas 5 
(Bellis et al., 2000). Furthermore, the observed stronger θ lateralization in older adults who had less 6 
auditory atrophy in our previous study (Giroud et al., 2018a) may reflect the higher sensitivity to 7 
slowly changing speech cues such as sentence intonation or word prosody. Taking these studies into 8 
account, we therefore hypothesize that the stronger involvement of the right auditory-related areas for 9 
speech perception in older adults may be tied to the higher sensitivity to prosodic speech cues 10 
observed in older adults. However, none of the previous studies assessed the sensitivity to prosodic 11 
speech cues directly, which means that evidence for a direct link between brain structure in right 12 
auditory-related areas and prosody perception in older adults is still missing.  13 
 14 
In order to fill this research gap, we designed a study that applied a prosody perception paradigm, 15 
namely a word stress discrimination task in order to assess the sensitivity to prosodic cues in older 16 
adults and younger controls with age-appropriate peripheral hearing. Crucially, sensitivity to acoustic 17 
cues does not always directly translate into behavior (Steinhauer et al., 2010) which is why we used 18 
more neurophysiological fine-graded indicators of auditory sensitivity to word stress than merely 19 
discrimination performance. We therefore recorded neurophysiological mismatch negativity (MMN) 20 
responses to study neurofunctional sensitivity to word stress using a passive oddball paradigm. During 21 
the MMN recording we presented the German word /Hubschrauber/ (engl. helicopter), which has an 22 
inherent stress on the first syllable, and systematically moved the stress position to the second and 23 
third syllable while recording the MMN time-locked to each syllable. We expected an MMN to occur 24 
time-locked to the syllables where an acoustic difference between the standard stimulus and the 25 
deviant stimulus occurred (see Table 1 for detailed hypotheses). To the best of our knowledge, this is 26 
the first study to investigate age-related differences in word stress perception combining behavior, 27 
EEG, and morphological measures. 28 
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 1 
To quantify atrophy in auditory-related brain regions, we collected T1-weighted MRI images from all 2 
participants and analyzed the neuroanatomical patterns in six bilateral auditory regions using surface-3 
based morphometry. In addition, in order to elucidate the relation between behavioral and 4 
neurofunctional measurements of word stress perception and age-related central hearing loss, we 5 
assessed indirect indicators of central age-related hearing loss, namely cortical thickness (CT) and 6 
cortical surface area (CSA). The investigation of CT and CSA separately allows us to disentangle 7 
differential aspects of cortical structure as CT and CSA have been described to have no genetic 8 
relationship (Rakic, 1988, 1995, 2007) and are considered to be independent (Meyer et al., 2014). To 9 
date, it appears that mainly CT is subject to plasticity and changes as a function of training, 10 
experience, and age (Bermudez et al., 2009; Engvig et al., 2010; Hurtz et al., 2014; see Meyer et al., 11 
2016 for a more comprehensive discussion of this issue; Thambisetty et al., 2010). In other words, 12 
age-related central hearing loss which has manifested in auditory-related areas of the brain is most 13 
likely expected to be driven by a decline in CT, while CSA of predominantly left perisylvian areas is 14 
hypothesized to be more strongly intertwined with genetically determined characteristics of auditory 15 
perception and language comprehension (Giroud et al., 2018a; Meyer et al., 2014; Pontious et al., 16 
2008).  17 
 18 
In sum, we combined behavioral, neurofunctional and neurostructural data to investigate age-related 19 
differences in prosody perception, namely word stress perception, between younger and older adults 20 
without peripheral hearing loss. For the MMN word stress experiment, we expected to find a larger 21 
MMN to a stress on the third syllable compared to the second syllable as a function of top-down 22 
control as this is less common in German than a stress on the second syllable in three-syllabic words 23 
(Janssen, 2013; Jessen et al., 1995). Also, assuming that older adults would be sensitive to word stress 24 
to the same extent as younger adults, we expected them to evoke similar MMN magnitudes. Moreover, 25 
we expected to find a correlation between CT in right auditory-related areas and MMN magnitudes 26 
revealing that older individuals with less atrophy in these areas evoked stronger MMN responses 27 
signalling a higher sensitivity to prosodic cues. 28 
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 1 
2. Materials and Methods 2 
2.1. Participants 3 
In this study, 23 healthy older adults (OA) (age range = 67-84 years, Mage = 72.39 years, 11 females) 4 
and 15 younger controls (YA) (age range = 20-29 years, Mage = 24.33 years, 12 females) were 5 
included. All older participants scored above 26 points in the Mini-Mental State Examination (MMSE) 6 
(Folstein et al., 1975). Furthermore, participants reported that there was no past or present 7 
neurological, psychiatric, or ear disease. Also, no ear or brain surgery had ever been performed. 8 
Furthermore, they denied suffering from any language or hearing disorder such as tinnitus, 9 
sensorineural hearing loss or dyslexia. In addition, all participants were native speakers of (Swiss-) 10 
German, right-handed as assessed by the Annett Hand Preference Questionnaire (Annett, 1970), did 11 
not practice more than six hours of music per week, and were not bilingual in terms of that they had 12 
not learnt a second language in preschool age. All participants passed the safety requirements for MRI 13 
scanning in order to obtain a T1-weighted MR image, which was recorded for a previous study 14 
(Giroud et al., 2018a).  15 
 16 
Only participants with age adequate peripheral hearing were included in this study. According to the 17 
World Health Organization (WHO) a pure-tone average (PTA) of 25 dB or less for frequencies 500, 18 
1000, 2000, and 4000 Hz is graded as “no impairment”, while a PTA between 26 and 40 dB is rated as 19 
a “slight impairment” in the hearing impairment grading scale. Correspondingly, in this study we only 20 
included older adults with a PTA smaller than 30 dB to ensure that the stimulus material would be 21 
audible for each participant and that the PTA would not imply a peripheral hearing loss that could be 22 
diagnosed in a clinic. Furthermore, only participants with symmetrical hearing (no more than 15 dB 23 
difference between left and right ear) were included in this study. PTA was assessed using a probe-24 
detection paradigm with pure tones presented for 16 ms and 250 ms at 500, 1000, 2000, and 4000 Hz, 25 
while the audibility thresholds (in dB) were averaged across all trials. Even though we used a 26 
conservative inclusion criterion for the peripheral hearing, there was a significant difference between 27 
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the two age groups in the PTA (t(37)=-1.71, p=.048, 1-tailed). The audiograms of the YA and the OA 1 
group of this study are depicted in Figure 1.  2 
 3 
- - - Insert Figure 1 about here - - - 4 
 5 
The local ethics committee of the Canton Zurich approved the study, and written informed consent 6 
was obtained from all participants. Participants were paid for their participation.  7 
 8 
2.2. Stimulus material 9 
The German word /Hubschrauber/ (English: helicopter) was recorded at a sampling rate of 44.1 kHz 10 
by a professional female speaker at the Phonetics Laboratory of the University of Zurich. The speaker 11 
was instructed to produce three versions of the word /Hubschrauber/, one with a stress on the first 12 
syllable, one with a stress on the second syllable and one with a stress on the last syllable. The 13 
realization of syllable stress involved a manipulation of the fundamental frequency of oscillation (f0), 14 
which has been shown to be a relevant cue to mark stress in the German language (Jessen et al., 1995). 15 
Word stress is most common on the initial syllable in German (Jessen et al., 1995). For each of the 16 
three syllables of the word /Hubschrauber/, a stressed and an unstressed version was then segmented 17 
for subsequent stimulus manipulation. This was performed using Praat software (version 5.3.68, 18 
available here: http://www.fon.hum.uva.nl/praat/). All of the segmented files were first normalized to 19 
72 dB and the duration was equalized between similar syllables. Furthermore, in order to create a 20 
stressed and an unstressed version of each syllable of the word /Hubschrauber/, which only differed in 21 
the f0 contour while all other parameters (duration, amplitude, frequencies) were kept constant, the 22 
stressed f0 contour was extracted for each syllable. Subsequently, for each unstressed syllable a version 23 
was created in which the extracted stressed syllable contour replaced the unstressed contour. This 24 
procedure resulted in 6 syllables, an unstressed and a stressed version of each of the three syllables of 25 
the word /Hubschrauber/ in which all other parameters except the f0 contour were kept constant. Then, 26 
all the syllables were combined into three versions of the word /Hubschrauber/ (see Table 1 and Figure 27 
2): First, one version consisted of the word with a stress on the first syllable, but no stress on the 28 
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second and third syllables. This stimulus was used as the standard stimulus in the mismatch negativity 1 
experiment because it exemplifies the typical German pronunciation of the word /Hubschrauber/. 2 
Second, a version with a stress on the second syllable, but no stress on the first or third syllables was 3 
used as Deviant 1 in the mismatch negativity experiment. Third, the version with a stress on the third 4 
syllable, but no stress on the first or second syllable was used as Deviant 2 in the mismatch negativity 5 
experiment. In addition, for the behavioral task only, for each of these three stimuli three other 6 
versions were created in which the f0 on the stressed syllable was raised by 20 Hz, 30 Hz, and 40 Hz.    7 
 8 
- - - Insert Table 1 about here - - - 9 
- - - Insert Figure 2 about here - - - 10 
 11 
2.3. Brain Function: Mismatch negativity 12 
We used a standard passive oddball procedure to evoke the mismatch negativity (MMN) (Näätänen et 13 
al., 2007). Participants were seated in a comfortable chair at a distance of about 1 m in front of a 14 
screen, which played a silent movie without arousing content. Participants were instructed not to pay 15 
attention to the auditory stimuli. Presentation software (www.neurobs.com; version 14.9) controlled 16 
the experiment and presented the stimulus material at 72 dB SPL via in-ear headphones (Sennheiser 17 
CX271). The standard stimulus was presented 488 times (p=0.75), while each of the two deviant 18 
stimuli was presented 81 times (each p=0.125) in a randomized order with a jittered inter-stimulus 19 
interval of 1000 ms. EEG was continuously recorded using a 128-electrode system (BioSemi 20 
AcitveTwo, Amsterdam, the Netherlands) with a sampling rate of 512 Hz, online references 21 
CMS/DRL, and with online bandpass filter between 0.1-100 Hz. Impedances were kept below 30 kΩ. 22 
Brain Vision Analyzer Software (Version 2.1.0, Brainproducts, Munich, Germany) was used for 23 
preprocessing the data. The data was offline bandpass filtered between 0.1 - 80 Hz using a notch filter. 24 
Next, an independent component (ICA) analysis was applied to remove artifacts of eye movements 25 
(Jung et al., 2000). Noisy channels were interpolated (Perrin et al., 1987) using topographic 26 
interpolation (order: 4, degree: 10, lambda: 1E-05) and movement artifacts were removed with a semi-27 
automatic raw data inspection (maximal voltage step 50µV/ms, maximal difference in 200 ms 28 
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intervals of 200 µV). The data was then re-referenced to linked left and right mastoid and a narrower 1 
bandpass filter from 0.1-20 Hz (12dB/oct) was applied. Furthermore, the data was segmented into -2 
200 to 2000 ms segments time-locked to stimulus onset and baseline corrected with regard to the pre-3 
stimulus interval (see Figure 3). For each participant, the segments consisting of the neural responses 4 
to the standard stimuli, the Deviant 1 stimuli and the Deviant 2 stimuli were then averaged, 5 
respectively. Additionally, in order to perform peak amplitude detection, the MMNs were extracted 6 
time-locked with -100 to 600ms with respect to each syllable and baseline corrected for the 100ms 7 
pre-syllable interval. This baseline correction for the signal time-locked to each syllable was crucial, 8 
as we expected to find differences within these baseline intervals between subjects as a result of the 9 
MMNs occurring in these time intervals which might influence the subsequent MMNs. For electrode 10 
Cz, amplitude peak detection was applied for the global negative maxima time-locked to Syllable 1 11 
within 200 to 400 ms after stimulus onset (Syllable 1), time-locked to Syllable 2 within 100 to 300 ms 12 
(Syllable 2), and time-locked to Syllable 3 within 100 to 300 ms (Syllable 3) after syllable onset. The 13 
amplitude in an interval of +/- 10 ms around the peak was exported with respective peak latency for 14 
each participant separately for each MMN resulting in nine peak amplitudes and respective latencies 15 
for each participant. These were for the standard stimulus, the Deviant 1 and the Deviant 2 for each 16 
syllable (Syllable 1, Syllable 2, and Syllable 3), respectively.  17 
 18 
2.4. Behavior: Word stress perception 19 
After having performed the passive MMN experiment, participants completed an explicit behavioral 20 
word stress discrimination task so that we could evaluate the discrimination accuracy of the stimulus 21 
material used in the MMN experiment. It was not possible to collect behavioral data from 1 YA and 4 22 
OAs due to technical reasons. Participants were instructed to press a button in a forced choice 23 
experiment and indicate whether a pair of words were the same or different by clicking the left mouse 24 
button for the same and the right mouse button if the two words were perceived to be different. We 25 
used two types of word pairs for this task. In the first, all possible combinations of word pairs 26 
consisting of the same three stimuli used for the MMN experiment were presented to the participants. 27 
In the second type of word pairs, two similar stimuli from the MMN experiment were paired, while 28 
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either the first or the second word was different in its pitch variant with a frequency shift of the 1 
stressed syllable of 20, 30, or 40 Hz. In total, 72 trials were randomly presented consisting of 36 trials 2 
with identical stimuli in a pair and 36 trials with different stimuli in a pair. The interval between the 3 
two words of a word pair was set to 200 ms, while the next trial started 700 ms after the participant’s 4 
answer was registered. We compared discrimination accuracy between the two age groups for word 5 
pairs with a difference in stress position, or a difference of 20 Hz, 30 Hz, or 40 Hz in stress separately 6 
for each syllable of the word /Hubschrauber/.  7 
 8 
2.5. Brain Structure: Cortical thickness and mean surface area 9 
Two high resolution T1-weighted images were obtained for each participant from a 3.0 T Philips 10 
Ingenia scanner (Philips Medical Systems, Best, The Netherlands) with a 12-channel head-coil using 11 
an anatomical 3D Turbo-Field-Echo (TFE) sequence with echo time (TE) = 3.79 ms, repetition time 12 
(TR) = 8.18 ms, field of view (FOV) = 240 x 160 x 240 mm, acquisition matrix = 256 x 256, 160 13 
slices per volume, and isotropic voxel size = 0.94 x 0.94 x 1 mm, flip angle (α) = 90°. For four older 14 
participants, only one T1-weighted image was acquired. In order to create a single image volume with 15 
high contrast-to-noise, the two obtained T1-weighted images were averaged for all other participants 16 
(Reuter et al., 2010). 17 
FreeSurfer Image Analysis Suite (version 5.1.0.), which is documented online (http://freesurfer.net/), 18 
was used for cortical surface reconstruction. Several preprocessing steps for surface-based 19 
morphometry (SBM) as implemented in the established FreeSurfer pipeline were calculated in a fully 20 
automated way (Dale et al., 1999; Dale and Sereno, 1993; Fischl et al., 1999b, 1999a, 2001, 2002, 21 
2004b, 2004a; Fischl and Dale, 2000; Reuter et al., 2010; Ségonne et al., 2004). In addition, the 22 
segmentation precision was manually checked in all participants leading to the exclusion of one older 23 
adult because of failed surface reconstruction. Subsequently, cortical surface area (CSA) and cortical 24 
thickness (CT), the minimal distance between gray-white matter border and the pial surface at each 25 
vertex (Fischl and Dale, 2000), were extracted at each vertex of the tessellated surface. CSA is 26 
specified as the mean surface area of the pial surface area and the gray-white matter surface area (i.e., 27 
(pial surface area + gray-white matter surface area)/2) of the region at the respective vertex. CT 28 
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has been validated using manual segmentation (Cardinale et al., 2014; Kuperberg et al., 2003; Salat et 1 
al., 2004) and histological analysis (Rosas et al., 2002). Additionally, it has been shown to be reliable 2 
in healthy older adults (Liem et al., 2015). CT and CSA of six bilateral ROIs, which have been shown 3 
to be involved in auditory perception and speech processing (Giroud et al., 2018a; Meyer et al., 2014) 4 
were extracted using the aparc.a 2009s annotation (Destrieux et al., 2010). These include the Planum 5 
Temporale (PT), Planum Polare (PP), Supratemporal Gyrus (STG), Supratemporal Sulcus (STS), 6 
Heschl’s Gyrus (HG), Heschl’s Sulcus (HS).  7 
 8 
2.6. Statistical analyses 9 
First, in order to statistically verify the occurrence of an MMN, we performed paired t-tests within 10 
each age group comparing the peak amplitude evoked by each of the two deviants to the peak 11 
amplitude evoked by the standard. Thus, we separately compared the peak amplitudes of Deviant 1 12 
and Deviant 2 to the Standard which were extracted time-locked to the three syllables of the word 13 
/Hubschrauber/, respectively. Comparison to a baseline, in this case to the signal evoked by the 14 
standard stimulus, is crucial because of the consistently lower EEG power measured on the scalp in 15 
older adults (see Figure 3). We expected to find MMNs evoked by both deviants when the EEG signal 16 
was time-locked to Syllable 1, an MMN only evoked by Deviant 1 (but not Deviant 2) when the EEG 17 
was time-locked to Syllable 2, and an MMN only evoked by Deviant 2 (but not Deviant 1) when the 18 
EEG was time-locked to Syllable 3 (see hypotheses in Table 1). Notably, we defined the occurrence of 19 
an MMN as a statistically significant difference (uncorrected for multiple comparisons) in the peak 20 
amplitude between deviant and standard. In order to stay consistent in our statistical analysis pipeline, 21 
we performed the same paired t-tests for the latencies. Furthermore, to also statistically investigate 22 
age-related differences in the MMNs, we used univariate ANOVAs with the factor age group (YA, 23 
OA) correcting for PTA and gender (i.e., PTA and gender were treated as covariates) and compared 24 
the MMN magnitude (the difference of the peak amplitude between deviant and standard) between the 25 
two age groups in all conditions in which a significant MMN occurred in the two groups. Also, in 26 
order to compare the MMN magnitude between the different conditions in which a significant MMN 27 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
14 
 
occurred, a repeated measures ANOVA correcting for PTA and gender was performed within each age 1 
group. 2 
 3 
- - - Insert Figure 3 about here - - - 4 
 5 
Second, the accuracy of the behavioral discrimination task was analyzed using a univariate ANOVA 6 
(YA, OA) correcting for PTA and gender to compare age-related differences in discrimination of the 7 
stimulus material used for the MMN experiment, which only differed in the stress position within the 8 
word /Hubschrauber/ (stress either on the first, second, or third syllable). In addition, we computed a 9 
repeated measures ANOVA correcting for PTA and gender using the factors syllable (Syllable 1, 10 
Syllable 2, Syllable 3), f0 difference (20 Hz, 30 Hz, 40 Hz), and age group (YA, OA) in order to assess 11 
discrimination performance differences with respect to age group and f0 differences within syllables.  12 
 13 
Third, age group differences in CT and CSA of the six bilateral ROIs were examined using univariate 14 
ANOVAs controlled for PTA and gender which were corrected for multiple comparisons by applying 15 
Bonferroni correction (alpha error divided by the number of tests) leading to a lowering of the alpha 16 
level from α = .05 to α = .0042 for the 12 ROIs compared between the two age groups (Giroud et al., 17 
2018a; Wong et al., 2010).  18 
 19 
Fourth, in order to elucidate the relation between brain structure and brain function in the older adults, 20 
two-tailed partial correlations between MMN amplitudes and CT and CSA in the 12 ROIs were 21 
calculated using similar Bonferroni corrections as explained above, while also correcting for PTA and 22 
gender. Furthermore, similar partial correlations were calculated with CT and CSA in the 12 ROIs and 23 
the behavioral data.   24 
3. Results 25 
3.1. Age-related differences in the mismatch negativity evoked by word stress 26 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
15 
 
Unexpectedly, we did not find an MMN time-locked to Syllable 1 in the YA, neither for Deviant 1 nor 1 
for Deviant 2 (Deviant 1: t(14)=.93, p=.370, Deviant 2: t(14)=1.76, p=.101) (see Table 2 and Figure 2 
4). However, in the OA, we found an MMN time-locked to Syllable 1 evoked only by the Deviant 1 3 
(Deviant 1: t(22)=2.13, p=.045, Deviant 2: t(22)=.78, p=.443). Furthermore, as predicted, an MMN 4 
time-locked to Syllable 2 was evoked in both age groups by the Deviant 1 only (YA: Deviant 1: 5 
t(14)=2.33, p=.036, Deviant 2: t(14)=1.99, p=.066; OA: Deviant 1: t(22)=4.40, p<.001, Deviant 2: 6 
t(22)=1.66, p=.111). Also, in the OA we found an MMN time-locked to Syllable 3 evoked by the 7 
Deviant 2 only, as predicted (Deviant 1: t(22)=-.84, p=.408, Deviant 2: t(22)=2.44, p=.023). However, 8 
we did not find any MMN in the YA when time-locked to Syllable 3 (Deviant 1: t(14)=.31, p=.761, 9 
Deviant 2: t(14)=1.08, p=.298). The age group comparison between the MMN time-locked to Syllable 10 
2 evoked by Deviant 1 (which was the only one we found in both age groups) did not yield a 11 
significant difference between YA and OA (F(1,34)=.73, p=.399). Also, the three significant MMNs 12 
which we found in the OA group, did not differ in magnitude from each other (F(2,40)=.85, p=.861). 13 
The same analyses for the latency revealed that there were no significant differences between deviants 14 
and standard stimuli (all t’s<-1.66, all p’s>.119), except for the signal time-locked to Syllable 3 15 
evoked by Deviant 2 in the OA (t(22)=2.30, p=.031). 16 
 17 
Overall, these findings show that our data are not in accordance with Hypothesis 1. Neither the YA, 18 
nor the OA evoked an MMN time-locked to Syllable 1 even though the deviants were slightly 19 
different from the standard stimulus in their f0 (18 Hz). However, we could find evidence for 20 
Hypothesis 2 in the two age groups revealing that YA and OA processed an unexpected word stress on 21 
Syllable 2 (with a difference in f0 to the standard stimulus of 73 Hz). Similarly, Hypothesis 3 was 22 
confirmed, and the analyses revealed that an unexpected word stress of 53.54 Hz on Syllable 3 was 23 
flagged by the auditory circuits. However, only the OA were sensitive to this difference, not the YA. 24 
- - - Insert Figure 4 about here - - - 25 
- - - Insert Table 2 about here - -  26 
 27 
3.2. Age-related differences in behavioral word stress perception 28 
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The two age groups performed well in discriminating the three stimuli from the MMN experiment 1 
(YA: 91.67 % correct (SD: 9.60 %), OA: 86.55% correct (SD: 17.60 %)). We did not observe any 2 
statistically significant difference between the groups (F(1,29)=.22, p=.64). Furthermore, a repeated 3 
measures ANOVA was calculated to evaluate age group differences in discrimination performance 4 
between the MMN stimuli and the same stimuli shifted by 20, 30, and 40 Hz in their f0 of the stressed 5 
syllable. The repeated measures ANOVA with the factors syllable (Syllable 1, Syllable 2, Syllable 3), 6 
f0 difference (20 Hz, 30 Hz, 40 Hz), and age group (YA, OA) revealed a significant main effect of f0 7 
difference (F(2,58)=4.97, p=.01, η2p=.15) showing that the 20 Hz difference was the most difficult to 8 
perceive (49.10 % correct), while the 30 Hz difference was moderately difficult to perceive (68.13% 9 
correct), and the 40 Hz difference was the easiest to discriminate (78.62 % correct), all post hoc 10 
p’s<.025 (see Figure 5). Furthermore, there was a main effect of age group (F(1,29)=18.59, p<.011, 11 
η
2
p=.39) showing that the OA performed worse than the YA (YA: 83.56 % correct, OA: 47.01% 12 
correct) across all conditions suggesting that, on average, the OAs performed on chance level 13 
(indicated also by the not significant t-test against the 50% chance level in the OAs: t(18)=-.52, 14 
p=.61). Furthermore, there was a significant interaction between syllable, f0 difference and PTA 15 
(F(4,116)=2.55, p=.043, η2p=.08) suggesting that f0 differences were most difficult to discriminate on 16 
Syllable 1, moderate on Syllable 2 and easier on Syllable 3 and that this was particularly true for the 17 
20 Hz difference.  18 
 19 
In order to make sure that there was no bias towards responding “same” or “different”, we furthermore 20 
calculated the false alarm rate for each age group for the task. There was no difference (t(31)=-.63, 21 
p=.53) between the YA and the OA in the false alarm rate and the false alarm rate was generally low 22 
(YA: M=5.95%, SD=5.65%; OA: M=7.89%, SD=10.32%). 23 
 24 
Thus, these results suggest that the OA performed worse across all conditions even though the PTA 25 
differences between YA and OA were controlled for and all participants were classified as normal 26 
hearing. Furthermore, our results suggest that the 20 Hz word stress difference was too difficult to 27 
perceive for OA, especially on the first and second syllables. But also, for the YA, the 20 Hz 28 
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difference was the most difficult to discriminate, even though they performed better than OA. 1 
Interestingly, across the two age groups, this 20 Hz difference was also most difficult to discriminate 2 
when on the first syllable on which a word stress can be expected in the German language and on 3 
which the word stress is correct for the word /Hubschrauber/. 4 
 5 
- - - Insert Figure 5 about here - - - 6 
 7 
3.3. Age-related differences in auditory cortical structure 8 
Similar to our previous study (Giroud et al., 2018a), the older adults showed lower cortical thickness 9 
in all six left and right auditory brain areas than the younger adults (see Table 3), but cortical surface 10 
area measurements of similar size as in younger participant. This result points to the fact, that the older 11 
adults in this sample experienced age-related atrophy in bilateral auditory brain regions which was 12 
reflected by the lower CT in these brain regions. 13 
 14 
- - - Insert Table 3 about here - - - 15 
 16 
3.4. The relation between brain structure and brain function 17 
In order to investigate the structure-function relationship in the OA group, partial correlations between 18 
the extent of age-related auditory atrophy as measured by CT as well as CSA in the six bilateral 19 
auditory brain regions and the peak amplitude of the MMN were calculated. Because we did not find 20 
any significant differences between the magnitudes of the three MMNs which were significantly 21 
evoked in the OA, we created an average MMN in order to reduce the number of correlations we 22 
calculated. However, we did not find any significant correlations with the CT of the six bilateral 23 
regions, but did find these with the CSA of the left STG and the left HS (after correcting for multiple 24 
comparisons by applying a lowered α threshold of .0042 with r= -.62, p=.003 and r= -.65, p=.002, 25 
respectively). Thus, older individuals with larger mean surface area in two left auditory-related areas 26 
also evoked higher MMN amplitudes (see Figure 6). 27 
 28 
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Furthermore, we calculated similar partial correlations with brain structure and behavior in the OA 1 
group, specifically with the discrimination accuracy of the 20 Hz f0 differences, because this was the 2 
behavioral condition in which age-related differences were the strongest. We found one positive 3 
significant correlation (after correction for multiple comparisons), namely with the cortical thickness 4 
of the right STS (r=.69, p=.002). Thus, in this difficult perceptual task, older adults who had thicker 5 
right STS performed better.  6 
 7 
- - - Insert Figure 6 about here - - - 8 
4. Discussion 9 
The aim of the present study was to examine, for the first time, the relationship between auditory brain 10 
structure and word-level prosody perception in younger and older adults with peripherally normal 11 
hearing. By means of the surface-based morphometry approach, we were able to capture two 12 
independent structural measurements of auditory-related areas, namely CT and CSA, and their 13 
relations with functional (MMN) and behavioral parameters of word stress sensitivity. Using the 14 
MMN paradigm we were able to analyze word stress perception time-locked to different syllables of 15 
the same word with varying stress. 16 
 17 
As predicted, we found that a stress difference on the last syllable in a German word was easier to 18 
detect behaviorally (for both groups) than a difference on the second syllable. It has been shown that a 19 
stress on the last syllable is very uncommon in the German language (Jessen et al., 1995) which may 20 
therefore result in higher sensitivity to acoustic changes on the last syllable yielding a better 21 
recognition of the anomaly. In principle, the MMN data reflect this behavioral result, but interestingly, 22 
in the older group only. Our data therefore suggest that the older individuals exhibit higher neural 23 
sensitivity towards f0 differences in words than younger adults.  24 
 25 
In other words, the MMN results show that the older adults were more sensitive to varying f0 patterns 26 
in words than the younger adults, even though the two groups both discriminated the word stress 27 
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variations of the word /Hubschrauber/ with a high accuracy in the behavioral task. This finding 1 
suggests that the older adults’ MMNs were more strongly driven by the acoustic differences in f0 and 2 
therefore by the acoustic properties of the stimulus material (i.e. bottom-up). The acoustic sensitivity 3 
towards word stress patterns was therefore more robust in older than in younger individuals. 4 
Simultaneously, we assume that the younger adults did not evoke MMNs time-locked to Syllables 1 5 
and 3 because this acoustic difference is irrelevant in the German language as word stress patterns do 6 
not mark linguistic properties relevant to understand a word. Despite this fact the young adults were 7 
able to acoustically differentiate the stressed and unstressed syllables as reflected in the behavioral 8 
data. Word stress patterns in the German language only rarely mark word meanings and are therefore 9 
not fundamental to the understanding of the meaning of a word (Janssen, 2013). The older adults 10 
therefore relied more on the acoustic information overall, while the younger adults’ MMN responses 11 
were more strongly driven by their linguistic experience (i.e. top-down). Yet, the younger adults still 12 
evoked an MMN time-locked to Syllable 2. However, Syllable 2 had the most pronounced acoustic 13 
difference with 73 Hz between the stressed and unstressed version and therefore might have evoked a 14 
strong response in all participants regardless of its linguistic importance.  15 
 16 
A study which supports our observations in bottom-up and top-down processing comes from the visual 17 
domain (Werkle-Bergner et al., 2009). In this study, older adults showed more γ phase-stability 18 
between trials evoked by small visual stimuli as compared to younger adults, suggesting higher 19 
temporal bottom-up stability in older adults which may be a result of cortical reorganization because 20 
of increased neuronal loss (Werkle-Bergner et al., 2009). Such higher neuronal loss has also been 21 
shown to trigger reorganizing effects in the auditory modality expressed in age-related differences in 22 
the extent of functional (Keller et al., 2019) and structural (Giroud et al., 2018a) involvement of left 23 
and right auditory-related areas in speech perception. In the current study, the lower CT in auditory-24 
related areas in the older group may similarly reflect higher neuronal loss. Moreover, we have 25 
previously shown that such lower CT, specifically in right auditory-related areas, resulted in lower 26 
speech perception performance in supra-threshold frequency selectivity, supra-threshold temporal 27 
compression, speech in noise perception, as well as higher neural activity during tonal perception in 28 
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older adults (Giroud et al., 2018a; Profant et al., 2015). At the same time, these relations between 1 
speech perception and CT in right auditory-related structures were not present in younger adults 2 
(Giroud et al., 2018a). Similarly, higher white-matter integrity in the right superior longitudinal 3 
fasciculus and the right uncinate fasciculus has been shown to be associated with better hearing 4 
performance in older adults (Rigters et al., 2018). The results of the current study fit into this pattern 5 
revealing that older adults with less age-related atrophy (i.e. thicker) right STS performed better in the 6 
20 Hz f0 discrimination task (R2=.48).  7 
 8 
In sum, the interpretation of these results is twofold. First, as predicted, they suggest that age-related 9 
structural decline in auditory-related areas, signaling central age-related hearing loss, is associated 10 
with a reorganization in auditory lateralization, namely a stronger involvement of right auditory-11 
related areas in speech perception. Second, cortical atrophy in right auditory-related areas explained 12 
48% more variance than pure-tone thresholds in the f0 discrimination task, highlighting the importance 13 
of considering central hearing loss, here defined as age-related structural decline in auditory-related 14 
areas as indicated by lower CT, when investigating speech perception in older adulthood. Since 15 
audiograms are not able to capture such age-related differences in auditory perception, we believe it is 16 
crucial to include such alternative measures to assess hearing loss in older adults.  17 
 18 
Importantly, we did not find any relation between CT in auditory-related areas and the MMN evoked 19 
by word stress. However, there was also no age-related decline in word stress perception as indicated 20 
by the MMN results. Still, our analyses revealed a significant correlation between cortical surface area 21 
in the left STG and the left HS and the MMN in older adults. We interpret this finding as first 22 
evidence that older adults who have larger cortical surface area (Pontious et al., 2008) in left auditory 23 
brain regions, may to some degree be better able to cope with structural decline reflected by lower CT 24 
in that they may be better able to use sensory-driven prosodic cues in a speech signal. As argued by 25 
Meyer et al. (2014), larger CSAs in left auditory-related areas reflect more widely spaced neuronal 26 
columns which enables the recognition and storage of over-learned spectro-temporal acoustic patterns 27 
in an efficient and automatic manner. Thus, it is likely that a larger CSA in left auditory regions would 28 
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allow older adults' ability to perceive complex spectro-temporal patterns to be more robust as they 1 
progress into old age. 2 
 3 
Furthermore, because this relation between CSA and sensitivity to prosodic speech cues in older adults 4 
existed only with the left auditory-related areas, contrary to our predictions, this result suggests that 5 
there are global age-related changes in auditory lateralization related to speech perception. As 6 
mentioned above, stronger involvement of the right auditory-related areas in speech perception has 7 
been shown in older adults (Giroud et al., 2018a; Keller et al., 2019) in a variety of speech perception 8 
tasks, while in younger adults findings typically point to stronger involvement of left auditory-related 9 
areas for speech perception in general, and stronger recruitment of right auditory-related areas in 10 
prosodic speech perception (Meyer et al., 2002, e.g. 2004). Overall, we therefore find that the less 11 
specialized hemisphere (i.e., the right auditory-related areas) is more strongly involved in speech 12 
perception in older adults, a cortical reorganization which may result from age-related neuronal loss. 13 
Furthermore, this suggests less specialization or differentiation in the auditory-related areas during 14 
speech perception in aging similar to results of a previous study using fMRI (Profant et al., 2015), a 15 
mechanism which has also been associated with aging in other domains (see Cabeza, 2002 for an 16 
overview). Thus, these results allow the AST model to expand, for the first time, into aging. As 17 
already suggested by Poeppel and colleagues in 2008, it is generally possible that the left auditory-18 
related areas also entrain to slowly changing speech cues such as prosody (Poeppel et al., 2008). We 19 
therefore interpret that older adults involve the left auditory-related areas in addition to the right to 20 
counteract the structural decline of these areas (Keller et al., 2019), allowing high sensitivity to 21 
prosodic speech cues until old age. 22 
 23 
In general, we can infer that the higher word stress sensitivity in older compared to younger adults 24 
which we found in the MMN experiment does not result from a generally higher sensitivity to f0 25 
because of the lower performance of the older adults in the behavioral f0 discrimination task 26 
(discriminating 20, 30, and 40 Hz f0 differences on the same syllable). Instead, we interpret this finding 27 
to indicate that older adults only show higher sensitivity to f0 when f0 is marking a syllable in a word 28 
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(as measured by the MMN experiment) compared to when f0 indicates the strength of a syllable stress 1 
(as measured in the behavioral experiment). In that sense, syllable stress in a word has been shown to 2 
indicate the rhythm of a word, which may be an additional prosodic cue which older adults with 3 
difficulties to perceive the temporal fine structure of a word may use to maintain speech perception 4 
despite of proceeding atrophy.   5 
 6 
For example, marked prosodic elements such as intonation and stress in speech, also called 7 
“elderspeak”, have been shown to be helpful for older adults to perceive speech and improve 8 
comprehension (Cohen and Faulkner, 1986). Similarly, older adults have been shown to be sensitive to 9 
prosodic speech cues to at least the same extent as younger adults (Wingfield et al., 1992, 2000). It is 10 
therefore conceivable that marked prosody such as in elderspeak may help older adults compensate for 11 
age-related decline in temporal fine structure processing. Word stress as a prosodic cue indicating the 12 
word rhythm may therefore be more important for older adults than for younger adults during speech 13 
perception, explaining the higher sensitivity in the MMN experiment towards word stress violations. 14 
However, it is important to keep in mind that not all types of prosodic marking have been shown to be 15 
helpful for older adults, because slowing the speech rate and using high f0 have not been shown to 16 
improve understanding and can rather reflect aging stereotypes held by the speaker (Kemper and 17 
Harden, 1999).  18 
 19 
The sensitivity for prosodic speech cues in older adults resembles some results from studies with 20 
infants. Assuming an extension of the AST predictions to infants, the stronger involvement of the right 21 
auditory-related areas during speech processing in 2-days old newborns (Perani et al., 2011) could be 22 
indicative of a high sensitivity to prosody. This is in line with research showing that 3-month old 23 
babies show right-lateralized hemodynamic responses during prosodic processing (Homae et al., 24 
2006). While we wish to be cautious in the drawing of parallels between speech processing in infants 25 
and in older adults, the similar reliance on prosodic cues in the face of challenges to the understanding 26 
of speech (for infants: still learning the lexical cues of the specific language of their environment; for 27 
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older adults: difficulties processing the temporal fine structure such as phonemes) is worth noting in a 1 
study such as this one, in which the speech processing over the lifespan is in focus. 2 
 3 
5. Conclusions 4 
Our results suggest that older adults without clinically disabling peripheral HL show age-related 5 
structural differences (i.e. lower CT) in auditory-related areas that probably imply impaired speech 6 
perception beyond peripheral HL. Such age-related structural decline may lead to a neural 7 
reorganization in that the relative involvement of left and right auditory-related areas in speech 8 
perception becomes less differentiated across the lifespan. For example, we demonstrated that less 9 
structural decline (higher CSA) in left auditory-related areas is related to more sensitivity to prosodic 10 
speech cues in older adults, even though prosodic speech cues have been shown to be more strongly 11 
associated with right auditory-related areas in younger adults (Geiser et al., 2008; Hurschler et al., 12 
2013; Liem et al., 2014). Furthermore, older adults were more sensitive to prosodic speech cues than 13 
younger adults indicating that prosodic speech cues such as word stress may be helpful for older adults 14 
who experience central age-related hearing loss.  15 
  16 
Overall, investigating the extent to which older individuals use speech parameters such as prosody 17 
may reveal more insight into the reorganization of speech functions across the lifespan.  Such research 18 
may inform the development of advanced training interventions for improving speech perception in 19 
older adults with normal audiograms to avoid the drastic consequences of untreated hearing loss. Such 20 
interventions could potentially include information on word stress and its relevance for understanding 21 
speech and/or auditory training improving the perception of prosodic cues in speech. Importantly, 22 
since most of the rehabilitation research targets older adults who have elevated audibility thresholds, 23 
many older adults who experience central age-related hearing loss and who have normal-for-age 24 
audiograms will not get professional help even though the severity of the consequences can be 25 
expected to be similar to those for individuals with peripheral hearing loss. 26 
 27 
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Table 1:  
This table shows the pitch of each syllable of the three versions of the word /Hubschrauber/ used for 
the mismatch negativity experiment. In addition, in the bottom, the predictions about the occurrence of 
the mismatch negativity (MMN) based on these pitch differences are described.   
 
Table 2:  
Table 2 shows the peak amplitudes and their respective latencies for each syllable and for each 
stimulus (Standard, Deviant 1, Deviant 2) and each age group (YA, OA) separately. Standard 
deviations are shown in brackets. 
 
Table 3:  
This table shows the mean (M) and standard deviation (SD) of cortical thickness (CT) in mm and 
mean cortical surface area (CSA) in mm2 of all six bilateral ROIs for younger (YA) and older adults 
(OA) separately. Furthermore, F values for statistical comparison of CT and GMV between YA and 
OA are described.  
 
 
 
 
Figure Legends 
 
Figure 1:  
This Figure shows the bilateral pure-tone thresholds separately for the younger (YA) (N=15) and the 
older adults (OA) (N=23). Both groups can be considered as normal hearing, even though the pure-
tone average differs.  
 
Figure 2:  
Figure 2 depicts the spectrogram of the three stimuli consisting of the German word /Hubschrauber/ 
with three different word stress patterns used for the mismatch negativity experiment. On the top, the 
standard stimulus is shown with a stress on the first syllable. In the middle, the Deviant 1 with a stress 
on the second syllable is depicted, while on the bottom the Deviant 2 with a stress on the third syllable 
is shown. The left axis represents the scaling for the stimulus spectrum, while the right axis (in blue) 
shows the f0 contour indicating the different stress patterns of the three stimulus versions.   
 
Figure 3:  
Figure 3 shows the averaged ERP time-locked to word onset at electrode Cz, separately for each 
stimulus (dark = Standard, light = Deviant 1, very light = Deviant 2) and age group. Time-locked to 
the onset of each syllable, there are MMNs occurring after approximately 200 ms. Peak amplitudes 
were analyzed statistically time-locked to each syllable. 
 
Figure 4:  
This Figure shows the peak amplitude differences between the deviants and the standard stimuli for 
each deviant condition separately for the time-locked signal to each of the three Syllable onsets. Dark 
grey indicates YA (N=15), light grey OA (N=23). *=p<.05 and ***=p<.001 indicating significant 
difference between deviant and standard peak amplitude implying a significant occurrence of an 
MMN. The dashed lined boxes point to the conditions in which we expected a significant MMN to 
occur.  
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Figure 5:  
This Figure shows the accuracy for the word stress discrimination task when the word stress was 
different in 20, 30, or 40 Hz as well as when it was on the first, second, or third syllable of the word 
/Hubschrauber/. Dark grey indicates YA (N=14), light grey OA (N=19).  
 
Figure 6:  
Figure 6 depicts the significant correlations between brain structure and mismatch negativities (MMN) 
for the older adults (N=23). Older individuals who had larger surface area in the left Heschl’s sulcus 
and in the left supratemporal gyrus (STG) also evoked larger MMN magnitudes. 
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 Syllable 1  Syllable 2  Syllable 3 
Standard stimulus 238.53 Hz  173.91 Hz  169.67 Hz 
Deviant 1 220.48 Hz  246.91 Hz  169.67 Hz 
Deviant 2 220.48 Hz  173.91 Hz  223.21 Hz 
 
Hypotheses 
 
Time-locked to Syllable 
1, a MMN should occur 
in both deviants 
(difference: 18.05 Hz) 
 Time-locked to Syllable 
2, a MMN should only 
occur in Deviant 1 
(difference: 73 Hz) 
 Time-locked to Syllable 
3, a MMN should only 
occur in Deviant 2 
(difference: 53.54 Hz) 
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                                                                                                                    Peak amplitudes in µV 
 
 
 
 
 
 Syllable 1  Syllable 2  Syllable 3 
 YA  OA  YA  OA  YA  OA 
Standard -1.14 (.75)  -.52 (.63)  -2.11 (1.13)  -1.50 (.75)  -.98 (.58)  -.90 (.60) 
Deviant 1 -1.32 (1.06)  -.81 (.90)  -2.54 (1.41)   -2.06 (1.08)  -1.08 (1.22)  -.77 (1.09) 
Deviant 2 -1.52 (1.23)  -.63 (.84)  -2.70 (1.71)  -1.77 (1.09)  -1.26 (1.02)  -1.29 (1.06) 
  
Latencies of peak in ms 
 Syllable 1  Syllable 2  Syllable 3 
 YA  OA  YA  OA  YA  OA 
Standard 312.50 (37.77)  323.54 (12.06)  165.36 (22.88)  179.69 (52.18)  189.58 (46.90)  212.21 (33.87) 
Deviant 1 319.01 (35.84)  325.32 (26.69)  172.27 (35.69)  187.16 (54.35)  210.03 (59.91)  210.34 (41.92) 
Deviant 2 334.64 (30.08)  330.84 (24.77)  179.69 (35.53)  196.76 (52.40)  196.88 (40.11)  191.07 (34.04) 
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   CT   
 YA  OA   
 M SD  M SD  F p 
l PT 2.65 .15  2.43 .12  F(1,34)=18.92 <.001 *** 
l PP 3.58 .23  3.29 .29  F(1,34)=9.53 .004 * 
l STG 3.08 .16  2.85 .16  F(1,34)=18.54 <.001 *** 
l STS 2.52 .13  2.23 .11  F(1,34)=50.12 <.001 *** 
l HS 2.62 .37  2.12 .35  F(1,34)=10.75 .002 * 
l HG 2.59 .18  2.19 .22  F(1,34)=24.75 <.001 *** 
r PT 2.61 .17  2.36 .16  F(1,34)=18.80 <.001 *** 
r PP 3.63 .21  3.24 .30  F(1,34)=18.39 <.001 *** 
r STG 3.19 .11  2.87 .17  F(1,34)=33.01 <.001 *** 
r STS 2.55 .11  2.33 .14  F(1,34)=21.33 <.001 *** 
r HS 2.87 .28  2.34 .25  F(1,34)=32.68 <.001 *** 
r HG 2.62 .21  2.25 .24  F(1,34)=16.60 <.001 *** 
         
   CSA   
 YA  OA   
 M SD  M SD  F p 
l PT 785.37 132.30  692.07 104.73  F(1,34)=11.71 .002 * 
l PP 458.93 60.43  416.83 50.95  F(1,34)=7.38 .010 
l STG 1852.20 170.33  1802.28 168.66  F(1,34)=.48 .490 
l STS 3268.43 481.65  3185.61 427.26  F(1,34)=.35 .557 
l HS 239.63 27.25  241.57 37.45  F(1,34)=.02 .903 
l HG 434.90 90.93  371.85 54.75  F(1,34)=9.09 .005 
r PT 550.23 82.77  518.04 62.10  F(1,34)=4.11 .050 
r PP 457.30 63.03  433.37 58.65  F(1,34)=2.38 .132 
r STG 1597.57 152.00  1557.07 161.25  F(1,34)=.55 .464 
r STS 3975.37 392.90  3795.76 421.50  F(1,34)=2.23 .144 
r HS 202.20 26.40  206.70 27.56  F(1,34)=.03 .869 
r HG 310.80 49.90  273.50 40.64  F(1,34)=9.41 .004 * 
         
Note: p<.05 trend, *p<.0042, Bonferroni corrected, ***p<.001 
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Highlights 
• Mismatch negativity (MMN) patterns reveal higher neural sensitivity to words stress in older than 
younger adults 
• Greater cortical thickness in a right auditory-related area is related to better performance in pitch 
discrimination in older adults 
• Larger cortical surface area in left auditory-related areas is associated with higher MMN 
magnitude evoked by word stress in older adults 
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